Distinct partitioning has been observed in the composition and diversity of bacterial communities inhabiting the surface and overlying seawater of three coral species infected with black band disease (BBD) on the southern Caribbean island of Curaçao, Netherlands Antilles. PCR amplification and sequencing of bacterial 16S rRNA genes (rDNA) with universally conserved primers have identified over 524 unique bacterial sequences affiliated with 12 bacterial divisions. The molecular sequences exhibited less than 5% similarity in bacterial community composition between seawater and the healthy, black band diseased, and dead coral surfaces. The BBD bacterial mat rapidly migrates across and kills the coral tissue. Clone libraries constructed from the BBD mat were comprised of eight bacterial divisions and 13% unknowns. Several sequences representing bacteria previously found in other marine and terrestrial organisms (including humans) were isolated from the infected coral surfaces, including Clostridium spp., Arcobacter spp., Campylobacter spp., Cytophaga fermentans, Cytophaga columnaris, and Trichodesmium tenue.
Infectious disease in scleractinian corals has emerged as one of the primary causes of the accelerating global destruction of coral reef ecosystems (22, 25, 27, 56, 74) . Black band disease (BBD) is one of the most widespread and destructive of these coral infections (see review in reference 50). The diagnostic symptom of BBD is the development of a narrow 0.1-to 7-cmwide ring-shaped black to red microbial mat that migrates from top to bottom across massive coral colonies, killing healthy coral tissue at rates of as much as 1 cm per day (47, 53) . BBD preferentially affects corals such as Montastrea annularis, Montastrea cavernosa, and Diploria strigosa (6, 15, 53) . These species, known as framework building corals, form large structures that become the dominant physical elements of reefs. As a result, coral mortality caused by BBD is a potent force in restructuring coral reef ecosystems (15, 36) .
There is considerable controversy as to whether BBD is caused by physical and chemical environmental stresses or is an infectious disease or both (50, 56) . However, an impediment to determining the cause of BBD has been the lack of information about the diversity and distribution of microbial populations that inhabit normal healthy coral tissue and the BBD bacterial mat. It is known from studies of infectious disease in marine and terrestrial invertebrates, fish, and mammals (including humans) that pathogens are most effectively studied within an ecological context of interactions among microbes, their hosts, and the environmental conditions in which they live (25, 54) . Accurate diagnosis and eventual treatment and prevention of BBD will therefore require a basic knowledge of the composition and distribution of the microbial communities associated with healthy as well as diseased organisms. This type of community-based comparative analysis of the microorganisms associated with infectious diseases in corals has not previously been completed.
The purpose of the present report was to complete the first culture-independent 16S rRNA phylogenetic survey of the bacterial communities inhabiting seawater and healthy, BBD-infected, and dead coral surfaces. The coral reef chosen for analysis was on the leeward reef tract of Curaçao, Netherlands Antilles ( Fig. 1) . A factor that may contribute to BBD is the daily dumping of sewage and other pollutants directly onto the reef from the major commercial, municipal, and military harbor of St. Annabaai (Fig. 1) . The following three fundamental questions have been addressed: (i) is there a coral-specific microbial population that is different from that of the bacterioplankton community in the overlying seawater column; (ii) are the microbial communities comprising the BBD mat and the dead coral surfaces distinct from each other; and (iii) have sewage microbes colonized the diseased coral, as might be expected if sewage microbes were contributing to the disease process? Results are presented that indicate the healthy coral tissue is colonized by a microbial population that is unique and distinct from that found in the water column and the BBD mat and dead coral surfaces. Also, bacteria associated with sewage were detected only in the BBD bacterial mat.
1-cm portion of the uppermost 1 cm of the coral colonies with a chisel and placing the sample in a sterile disposable 50-ml polypropylene centrifuge tube. Furthermore, portions of some BBD microbial mats were physically peeled off the coral surface with forceps and placed in sterile 15-ml polypropylene centrifuge tubes. Immediately upon the return to shore, the seawater within each tube was decanted and coral samples were immersed in either of the following solutions: (i) 80% ethanol for molecular analyses or (ii) Karnovsky's aldehyde fixative (2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer [pH 7.2]) for scanning electron microscopy (SEM) analyses. Coral samples preserved in 80% ethanol were crushed and homogenized in the tube, creating a slurry of coral tissue, zooxanthellae, mucus, microorganisms, and skeletal material.
SEM analyses. The Karnovsky's aldehyde fixative was removed and replaced with buffered 0.1 M sodium phosphate (pH 7.2). The samples were dehydrated by stepwise immersion in 33, 67, and 95% ethanol for 1 h each and in 100% ethanol for 3 h. The ethanol was then removed and the samples were soaked in hexamethyldisilazane for 2 h, after which they were air dried in a laminar flow hood and placed in a desiccator. Small 0.25-cm-diameter pieces of each specimen were mounted on a 2-cm-diameter aluminum stub using double-stick carbon tabs. Samples were grounded with colloidal silver paint and covered with a 90-to 100-nm-thick gold-palladium coating using a Denton Desk II Turbo sputter coater. Imaging was done on a Phillips XL30 ESEM-FEG apparatus, which is housed at the University of Illinois Urbana-Champaign Beckman Institute, in high-vacuum mode with an accelerating voltage of 15 kV.
DNA extraction. Several methods of DNA extraction were utilized with each sample to increase the likelihood that no microorganism would escape detection. Filters were sectioned into quarters with flame-sterilized scissors and forceps and placed in a sterile disposable 50-ml polypropylene centrifuge tube with 3 ml of sterile ultrapure water. Cells were then washed off the filter during 3 min of vigorous agitation on a vortexing apparatus and stored frozen at Ϫ80°C.
Bead beating (32), freeze-thaw cycling, and chemical lysis protocols (55) were used to extract genomic DNA from the cells collected on the filters, the crushed coral slurries, and the BBD mat samples. For bead beating, 300 l of sample material was added to a 2-ml O-ring-equipped screw-cap microcentrifuge tube containing 600 l of sterile ultrapure water and 800 l of 0.1-mm zirconia-silica beads (BioSpec Products, Bartlesville, Okla.). The beads were cleaned and sterilized beforehand with a series of HCl acid and bleach washes. The tube was then filled to capacity with sterile ultrapure water and shaken on a reciprocating Mini-BeadBeater-8 (BioSpec Products) for 2.5 min at the homogenize (highest) speed setting. This protocol has been optimized by using several samples and Escherichia coli-positive controls. For the freeze-thaw procedure, samples were added to sterile 2-ml O-ring-equipped screw-cap microcentrifuge tubes containing 1 ml of sterile ultrapure water. The tubes were frozen at Ϫ80 o C and rapidly thawed by plunging the tubes into a 65°C water bath. The freeze-thaw cycle was repeated three times, with the tubes vigorously agitated on a vortex apparatus for approximately 1 min after each thaw cycle. In some instances, samples were treated with an alkaline lysis step by using NaOH (0.13 M final concentration), sodium dodecyl sulfate (SDS; 0.3%) and incubation at 25°C (55) .
For both the bead beating and freeze-thaw techniques, 400 l of the lysate was used for DNA extraction. Standard phenol DNA extraction procedures were used (55) . The ethanol-precipitated lysate, phenol-extracted lysate, and untreated lysate were used in subsequent PCRs. This entire protocol was tested with 300 l of the sterile ultrapure water as both a negative control and contamination screen and with 50 l of an overnight Luria broth E. coli culture as a positive control. The control preparations were included with their simultaneously prepared environmental samples each time a PCR was performed. In no case were nucleic acids detected in the negative controls.
PCR amplification. Total DNA was amplified with a Mastercycler gradient thermocycler (Eppendorf, Westbury, N.Y.) by PCR using specific 16S rRNA primers for bacteria. Primers used in the PCR amplifications were obtained from Operon Technologies, Inc. (Alameda, Calif.). B. Paster (personal communication) provided the sequence of each primer as follows: forward primer, 28F (5Ј-GAGTTTGATYMTGGCTC); reverse primer, 1492R (5Ј-GYTACCTTGTT ACGACTT). Reaction mixtures included a final concentration of 1ϫ TaqMaster buffer (Eppendorf), 1.5 mM MgCl 2 (Eppendorf), a 0.2 mM concentration of each deoxynucleoside triphosphate (Gibco/BRL, Rockville, Md.), 200 ng each of the forward and reverse primers, 5 to 30 l of the sample preparation, and water to bring the total volume to 49.5 or 99.5 l. Reaction mixtures were layered beneath 50 l of mineral oil (Sigma, St. Louis, Mo.). An initial denaturation-hot start of 5 min at 95°C was followed by the addition of 0.5 l (approximately 2 U) of MasterTaq polymerase (Eppendorf) or Taq DNA polymerase (Gibco/BRL). The hot start was followed by 30 cycles of the following incubation pattern: 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min. A final soak at 72°C for 5 min concluded the reaction.
Cloning and sequencing. PCR products were purified by electrophoresis through a 1.0% low-melting-point agarose gel (SeaPlaque GTG; BioWhittaker Molecular Applications, Rockland, Maine), stained with ethidium bromide, and visualized on a UV transilluminator. The approximately 1,500-bp heterologous ribosomal DNA (rDNA) product was excised from the gel, and the DNA was purified from the gel slice by using the Wizard PCR Prep kit (Promega, Madison, Wis.). The gel-purified PCR product was cloned into the pGEM-T Easy vector (Promega) and transformed into calcium chloride-competent DH5␣MCR E. coli cells according to manufacturers' instructions and standard techniques (55) . Plasmid DNA was isolated from individual clones (QIAprep Spin Miniprep kit; Qiagen, Inc., Valencia, Calif.). Restriction fragment length polymorphism (RFLP) analysis was used in some samples to verify the presence of an appropriately sized insert and to select unique clones for sequencing. Aliquots from a subset of the samples of purified plasmid DNA were digested with 1 U of the restriction enzyme EcoRI in 1ϫ REact 3 buffer (Gibco/BRL) for more than 3 h at 37°C, and the digested product was separated by electrophoresis on a 0.8% agarose gel (SeaKem LE; BioWhittaker Molecular Applications). After staining with ethidium bromide, the bands were visualized on a UV transilluminator and the RFLP patterns were analyzed to select clones containing the appropriately sized insert. Plasmid DNA from these clones was then digested with the fourbase recognition site enzymes MspI and HinP1I in 1ϫ NEB buffer 2 (New England Biolabs, Beverly, Mass.) under the conditions described above. The digest products were then separated by electrophoresis on a 3.0% agarose gel (MetaPhor; BioWhittaker Molecular Applications) and stained with ethidium bromide, and the RFLP patterns were used to identify unique clones to be submitted for sequence analysis. Multiple samples with seemingly identical RFLP patterns were selected for sequence analysis in an effort to capture different sequences with similar RFLP patterns. Clones selected for sequence analysis were patched onto Luria broth agar petri dishes supplemented with 100 g of ampicillin/ml (Roche Molecular Biochemicals, Indianapolis, Ind.) and incubated overnight at 37°C.
Inoculation, cell culturing, template preparation, and sequencing were performed in the high-throughput laboratory of the W. M. Keck Center for Comparative and Functional Genomics of the University of Illinois at Urbana-Champaign. The plates were used to inoculate 2-ml 96-well culture blocks containing Circle Grow medium (Bio100) supplemented with ampicillin (100 m/ml). Plasmid template DNA was purified from the cultures by using an automated system and a QIAwell 96 Turbo Prep BioRobot kit (Qiagen). Sequencing was completed by using T7(Ϫ26) primer, which was synthesized in house (63) . Sequence reactions were performed on the plasmid templates by using a Qiagen Bio Robot 9600 and Big Dye Terminator chemistry apparatus (v.2.0) from ABI. Sequencing was performed on an ABI 3700 capillary sequencer, and then the results were processed in the Bioinformatics Unit of the W. M. Keck Center.
Sequence analyses. The rDNA sequences were first compared with those in the GenBank database with the basic local alignment search tool (BLAST) network service (4) . From the alignments created by this search, the orientation of each cloned 16S rRNA gene could be determined and a rough phylogenetic association was established. Each sequence was analyzed using the CHIMERA _CHECK program (version 2.7) available at the Ribosomal Database Project web site (39) . Those sequences deemed to be chimeric were culled from the data set. A 97 to 100% match of the unknown clone with the GenBank dataset was considered an accurate identification to the species level, 93 to 96% similarity was accepted as a genus-level identification, and a 86 to 92% match was considered an accurate identification of a related organism (21) .
Nucleotide sequence accession numbers. The GenBank accession numbers for the 16S rRNA sequences generated in this study are AY037873 through AY038581 and AF441866 through AF442078.
RESULTS
Optical and SEM analyses. Visual assessment of the surface of infected M. annularis, M. cavernosa, and D. strigosa colonies indicate that healthy coral tissues contain microbes with different morphologies than those of the microbes inhabiting the BBD microbial mats. Bacteria inhabiting healthy coral tissue occurred within a stringy exopolymer matrix. In contrast, the BBD mat is dominated by large (2-to 5-m by 0.5-to 2-mm) filamentous nonheterocystous cyanobacteria that have previously been optically identified as Phormidium corallyticum (52) . A smaller filamentous bacterium that has previously been optically identified as a member of the Beggiatoa spp. (14, 53) occurs intertwined with P. corallyticum. Rare 0.5-mm-diameter bundles of P. corallyticum and Beggiatoa spp. were sometimes observed on healthy coral tissue within a few centimeters of the leading edge of the migrating BBD mat, which is consistent with previous observations (48) .
16S rRNA clone library diversity. High-diversity assemblages of bacterial sequences were detected in seawater and healthy, BBD-infected, and dead coral surfaces in M. annularis, M. cavernosa, and D. strigosa colonies (Tables 1, 2 , and 3, respectively). A total of 295 partial 16S rRNA gene sequences were identified: 65 bacterial sequences in seawater directly overlying the coral colonies and a total of 230 sequences from healthy (64 sequences), BBD-infected (64 sequences), and dead (102 sequences) coral surfaces. Microorganism identifications were based on comparison of these sequences with the GenBank database. Division-level microbial diversity in each sample was estimated by dividing the number of clones representing each division by the total number of clones in the seawater and healthy, BBD diseased, and dead coral surface libraries associated with M. annularis, M. cavernosa, and D. strigosa (shown as pie diagrams in Fig. 3, 4 , and 5, respectively).
Microbial communities inhabiting overlying seawater. Bacterioplankton clone libraries were constructed from samples of seawater collected at 10 cm immediately above the surfaces of BBD-infected M. annularis, M. cavernosa, and D. strigosa colonies (Fig. 3A, 4A , and 5A, respectively). The most abundant sequences in the seawater clone libraries at both locations represented cyanobacteria (30 to 43%). The next most abundant clones in the seawater libraries represented the ␥-proteobacteria (6 to 38%) and ␣-proteobacteria (6 to 31%) divisions. Chloroplast sequences, which comprised 3 to 8% of the libraries, were likely derived from the rDNA of chlorophyllcontaining organelles in planktonic algae and free-living zooxanthellae just above the coral colony surfaces (45) . Only two sequences were common to all three seawater clone libraries: those which represented the genera Prochlorococcus and Synechococcus (Tables 1, 2 , and 3).
Microbial communities inhabiting healthy coral tissue. Clone libraries from healthy tissues indicated that each of the three coral species contained a significantly different assemblage of bacterial sequences (Fig. 3B , 4B, and 5B). A maximum of only 5% of the sequences were representative of cyanobacteria, in contrast to the dominance of cyanobacteria sequences in the overlying seawater clone libraries ( Fig. 3A and B, 4A and B, and 5A and B). Chloroplasts in these libraries were most likely derived from zooxanthellae inhabiting the coral tissues. M. annularis sequences (Fig. 3B ) exhibited significantly more microbial diversity than those of either M. cavernosa or D. strigosa. (Fig. 4B and 5B, respectively) and were dominated by green sulfur bacteria (19%), ␣-proteobacteria (16%), firmicutes (16%), and planctomycetales (13%). Healthy tissue libraries from M. cavernosa and D. strigosa contained sequences representing only three and five divisions, respectively, both of which were dominated by ␥-proteobacteria (62 to 81%). None of the same bacterial sequences were detected in all three of the healthy coral species (Tables 1, 2 , and 3).
Microbial communities inhabiting the BBD microbial mat. Clone libraries constructed from the BBD microbial mat on M. annularis, M. cavernosa, and D. strigosa colonies consistently exhibit high division-level diversity (Fig. 3C, 4C , and 5C, respectively). Sequences were dominated by firmicutes (5 to 26%), Cytophaga-Flavobacterium-Bacteroides group (CFB) (9 to 29%), ␥-proteobacteria (17 to 35%), and ␦-proteobacteria (2 to 15%). The chloroplasts (4 to 7%) were most likely derived from coral zooxanthellae. These results indicate that the BBD microbial communities are completely distinct from those inhabiting healthy coral tissue, sharing no common 16S rRNA sequences on any individual coral colony (Tables 1, 2 , and 3). These clone libraries also confirm that the BBD mats contain significantly more microbial diversity than that suggested by optical analyses (Fig. 2D ). Sequences representing (Tables 1 and 3, respectively) . Microbial communities inhabiting dead coral surfaces. Clone libraries from dead surfaces of the M. annularis, M. cavernosa, and D. strigosa colonies also contained a high diversity of sequences, representing 6 to 9 microbial divisions (Fig.  3D, 4D , and 5D, respectively). However, the relative proportions of sequences representing each division varied significantly between species. In general, clone libraries were dominated by ␦-proteobacteria (0 to 42%), ␣-proteobacteria (5 to 17%), ␥-proteobacteria (0 to 28%), and CFB (0 to 17%). Sequences detected on dead coral surfaces were 95% distinct from those detected in the overlying seawater, healthy coral tissues, and the BBD microbial mats.
DISCUSSION
The optical and molecular analyses completed in this study of corals infected with BBD on Curaçao indicate that bacterial communities are distinctly partitioned between overlying seawater and healthy, diseased, and dead coral surfaces. The following discussion evaluates the implications of this partitioning with respect to the proportion of cyanobacterium-related sequences in reef tract seawater clone libraries, the possibility of coral species-specific microbial communities, and the microbial ecology of BBD in M. annularis, M. cavernosa, and D. strigosa colonies.
Reef tract bacterioplankton. Sequences affiliated with two globally distributed bacterioplankton were detected in all seawater clone libraries collected from the Curaçao reef tract. The most common was Prochlorococcus, which is the smallest yet most abundant oxygenic photoautotroph in tropical and sub- a Listed are the percent identities (ID%) to previously identified sequences, the numbers of similar clones, the numbers of base pairs sequenced (bp), and the accession numbers and divisions of the best s-matched organism in GenBank.
b ϫ signs indicate whether the clone occurred in the overlying seawater (SW), healthy coral tissues (HC), black band diseased coral tissue (BBD), or dead coral skeleton surfaces (DC). (12, 19, 20, 24, 41, 44, 46, 64, 65, 66) .
The relatively large proportion of sequences affiliated with cyanobacteria in Curaçao seawater relative to those reported in rDNA surveys from other locations may reflect the ecological differences between near-shore and offshore marine environments. The near-shore reef tract setting on Curaçao is strongly influenced by the physical and chemical effects of terrestrial runoff, which include coastal pollution and organic as well as inorganic sedimentation (37) . It is therefore not unexpected that the composition of bacterioplankton communities in near-shore and offshore environments would track these environmental differences (66) . Another possibility is that this discrepancy in the proportions of cyanobacteria may result from methodological differences. The bead beating used in the present study may have more effectively lysed the tough cyanobacterial cell walls than the techniques used for the offshore studies, none of which applied bead beating. Furthermore, the consistently high proportion of cyanobacteria in all three of the seawater samples analyzed from Curaçao (Fig. 3A,  4A , and 5A) suggests that this is an accurate representation of the reef tract bacterioplankton clone library. Healthy coral microbial communities. Sequencing results in the present study indicate that the microbial communities inhabiting healthy coral tissue have the following characteristics: (i) they are unique in that they are distinct from the bacterioplankton in overlying seawater, especially with respect to cyanobacteria sequences; and (ii) they are markedly different among the three coral species. Significant reductions in the proportion of cyanobacterium-affiliated sequences from the seawater clone libraries (30 to 43%) to those from the healthy coral tissue clone libraries (0 to 5%) ( Fig. 3A and B, 4A and B, and 5A and B, respectively) are likely to be the result of chemical defense mechanisms that inhibit coral tissue colonization by cyanobacteria (35) . This partitioning is also consistent with the results of previous optical and culture-based studies of the mucus-rich biofilm covering coral tissue, which is called the coral surface microlayer (CSM) (13, 14, 38, and 45) . Expelled and free-living zooxanthellae are prominent components of the CSM, which protects coral from light, exposure, and sedimentation and is the first line of defense against disease infection (11, 38, 45, 56) .
Inferred metabolisms from the M. annularis clone library sequences suggest that mixtures of aerobic and anaerobic microbes inhabit the healthy coral tissue (Tables 1, 2, and 3 ). This type of mixed metabolic assemblage is similar to those of the diverse microbial communities detected in the tissues of marine sponges, where low-oxygen microniches occur in the pores of well-oxygenated sponge surfaces (73) . In addition, several other bacteria inhabiting healthy M. annularis tissue have not previously been observed in marine environments. Specifically, sequences of several microbial strains, which comprise 3% of the M. annularis healthy tissue clone library, were previously isolated exclusively from terrestrial soils (e.g., agricultural soil bacterium SC-I-iS and unidentified soil bacterium clones BSV72 and BSV73; Tables 1, 2 , and 3).
Sequences from clone libraries constructed from healthy M. annularis tissue exhibit significantly higher bacterial diversity (10 divisions) than those from clone libraries constructed from healthy M. cavernosa and D. strigosa tissue (3 and 4 divisions, respectively; Fig. 3B , 4B, and 5B, respectively). These preliminary results imply that scleractinian corals may contain species-specific microbial communities. The abundance of ␥-proteobacteria and ␤-proteobacteria and the low overall sequence diversity levels observed in M. cavernosa and D. strigosa ( Fig.  4B and 5B) are somewhat similar to those of the microbial communities detected with molecular screening of healthy tissues from a single Montastrea franksi colony in Panama (4 divisions) (51) . Sequences affiliated with Silicibacter lacuscaerulensis were also detected in several other healthy M. franksi colonies by using denaturing gradient gel electrophoresis techniques (51). However, S. lacuscaerulensis sequences were only detected in the present study on Curaçao in the dead coral surface clone library of M. cavernosa (Table 2 ). This further supports the possibility that individual coral species contain unique microbial consortia. An important difference from the Curaçao corals is that M. franksi healthy tissue clone libraries from Panama were dominated by cyanobacteria (51), which is surprising given the chemical mechanisms inhibiting cyanobacterial settlement on healthy coral tissues (35) . In addition, M. franski did not contain chloroplast-affiliated sequences in the healthy tissue clone libraries (51) , which was unexpected given the abundance of zooxanthellae in the coral tissue and the CSM (45) and their use of primers similar to those applied in the present study.
Microbes associated with BBD. The BBD microbial mat is dominated by large filamentous cyanobacteria originally identified as Oscillatoria submembranaceae (A. Antonius Fig. 2G and H) , cyanobacterial sequences represented only 0 to 4% of the BBD mat clone libraries (Table  1) . Furthermore, neither P. corallyticum or Beggiatoa sp. sequences were detected in the BBD mat (Tables 1, 2 , and 3).
One explanation for these discrepancies may be that P. corallyticum has not been previously sequenced. While several species of terrestrial Phormidium have been detected in desert soil crusts (17) , no marine species have previously been reported in GenBank. Similarly, multiple Beggiatoa species have been sequenced from other marine environments (3) but their sequences were not similar to those in the BBD mat clone library. Another explanation could be that P. corallyticum and Beggiatoa spp. were represented by one of the unknown bacterial sequences in the BBD mat clone library (Fig. 3, 4 , and 5).
Other possibilities are that they are present in the BBD mat but their rDNA was not extracted, amplified, and sequenced and they are not present in the BBD mat. It is important to note that sequences affiliated with the filamentous cyanobacterium Trichodesmium tenue were found in the BBD mats (Tables 1, 2 ponent of bacterioplankton in tropical and subtropical oceans (9, 34) .
Implications for the microbial ecology of BBD. Several of the microbial sequences detected in the seawater and healthy, BBD-infected, and dead coral surface clone libraries (Tables 1,  2 , and 3) are affiliated with microbes with one or more of the following characteristics: (i) they have previously been reported in humans, some commonly occurring in human sewage; (ii) they are known pathogens in other marine and terrestrial organisms; or (iii) they were derived from terrestrial soils. The following discussion summarizes what is known of the ecologies and pathogenicities of the microorganisms whose affiliated sequences have been found in the BBD mat.
Several of the sequences detected on the coral surfaces are affiliated with microbes that are known pathogens in humans. Sequences affiliated with the genus Clostridium, which occur in the BBD mat clone library of M. annularis (Table 1) , are commonly part of mixed-pathogen infections in a variety of terrestrial organisms, including humans and birds (61, 62) . The presence of clostridial spores is commonly used as an indication of fecal contamination in drinking water. Pathogenic clostridia, which are gram-positive obligatory anaerobes incapable of dissimilatory reduction of sulfate, produce toxins that necrotize body tissues or interfere with nerve transmission (31, 60) . Sequences affiliated with the genera Campylobacter and Arcobacter were also detected in the BBD and dead coral surface clone libraries (Tables 1, 2 , and 3). These ε-proteobacteria have been grouped into the bacterial family Campylobacteraceae, a diverse group of gram-negative commensal and pathogenic bacteria that colonize the mucosal surfaces of the intestinal tracts, oral cavities, or urogenital tracts in humans and other animal hosts (68, 70) . Arcobacter spp. are known enteropathogens that cause abdominal cramps in children (71, 72) . Campylobacter spp. are a major cause of bacterial enteritis in humans and are commonly found in polluted seawater contaminated with sewage (28, 29) . The absence of these bacteria on the dead coral surfaces suggests that none of the BBD bacteria remain behind as the BBD mat migrates. Thus the mat itself could be a requirement for the survival of these bacteria. Therefore, the BBD bacterial community has specificity for the living and dying coral tissues but not for the dead skeletal surface of the coral. One possible source for these bacteria could be human sewage.
It is also possible that BBD has been transmitted by infected fish that bite, eat, defecate upon, or otherwise come in contact with healthy corals. Cytophaga fermentans, detected in the BBD mats of M. annularis and D. strigosa, is thought to be responsible for a number of illnesses in freshwater and saltwater fish, including eroded mouth, columnaris, cotton wool, cold water, hemorrhagic gill, saddle back, and branchionephritis diseases and ulcers, tail and fin rot, and black patch necrosis (5, 7, 30) . Although the precise etiology of each of these diseases is not well understood, environmental factors correlated with the onset of infection include extremely high or low temperatures, low oxygen levels, and reduced availability of dissolved Fe 3ϩ (8, 40) . Another possibility is that T. tenue may have carried out the pathogenic functions previously ascribed to P. corallyticum (49, 53, 67) . T. tenue produces intracellular biotoxins that have proven to be toxic to zooplankton and other higher animals, such as the copepod Acartia tonsa (23, 26, 58) . If present in the BBD mat, T. tenue would primarily utilize nitrogenase linked to O 2 -depleted microzones within aggregated filaments to carry out highly efficient nitrogen fixation during oxygenic photosynthesis (42, 43) . These nutrient and oxygen regimes are similar to those of the microenvironments in the BBD mat (10, 49) .
An additional possibility raised by the results in this report is that bacteria derived from terrestrial soils may have played a role in the development of BBD infections on the Curaçao reef tract. This conjecture is based on the detection of a large number of sequences affiliated with terrestrial soil bacteria on the healthy, BBD-infected, and dead coral surfaces (Tables 1, 2, and 3). It is possible that these soil bacteria were attached to soil-derived particles that were transported via terrestrial runoff onto the reef tract, settled onto coral colonies, and inoculated healthy coral tissues. However, it is unknown if these bacteria were alive or dead at the time that they were collected. The feasibility of this mechanism is exemplified by the results of studies of the terrestrial fungus Aspergillus sydowii, an organism that was derived from terrestrial runoff, which has been identified as a pathogen in marine sea fans (59; G. W. Smith, L. D. Ives, I. A. Nagelkerken, and K. B. Ritchie, Letter, Nature 383:487, 1996). It has been further hypothesized that A. sydowii can be attached to dust particles and can thus cause coral disease, as aerosols settle on the sea surface and become suspended sediment (57) .
In summary, the culture-independent molecular methods applied in this study indicate that microbiota are distinctly partitioned between seawater and the surface of BBD-infected corals. Sequences affiliated with known pathogens in humans and other organisms detected in the BBD mat suggest that human sewage, infection from other marine organisms, and terrestrial runoff may all have contributed to the development of the disease. Further advances in understanding BBD etiology will require tracking variations in these microbial communities, as the host corals and zooxanthellae respond to environmental changes in seawater temperature and pollution chemistry.
